Abstract. An enriched environment promotes structural changes in both injured and intact brain and improves behavioral performance. In 2 different experimental approaches, the effects of enriched surroundings were analyzed utilizing DNA microarrays. First, gene expression patterns of the sensorimotor cortex and the hippocampus of noninjured adult rats with enriched housing were compared with analogous regions of rats kept in standard cages. Second, circumscribed infarcts affecting the forelimb area of the sensorimotor cortex were induced, and gene expression patterns of the non-necrotic ipsilesional as well as the contralesional homotopic cortex of rats (postlesionally enriched housing versus standard) were analyzed. In the intact brain, the hippocampus, which had 43 upregulations and 15 downregulations showed more changes than the sensorimotor cortex, which had 13 upregulations and 4 downregulations, indicating a greater responsiveness of the hippocampus to environmental stimuli. In the injured brain, enrichment led ipsilesionally to 28 downregulations and 14 upregulations, while in the contralesional cortex, upregulations prevailed with 46 upregulations and 13 downregulations. The larger number of genes responsive to enrichment in the contralesional cortex (59 gene regulations) as compared to the analogous area (i.e. sensorimotor cortex) of the intact brain (17 gene regulations) likely reflects increased susceptibility for plastic changes due to injury. With the exception of the perilesional cortex, similar functional groups of genes were differentially regulated in different brain regions/paradigms, suggesting basically similar molecular cascades being involved in reorganizing the brain following external stimuli. Many of the genes detected here correspond to molecular pathways known to be involved in neuroplasticity, whereas others provide new and hitherto unrecognized entry points.
INTRODUCTION
It is now widely accepted that environment and experience continuously shape our brain. In the late 1940s, Hebb proposed for the first time that exposure of laboratory rats to a complex environment alters their brains and improves problem solving in complex tasks (1) . In the ensuing years, the effects of environmental stimuli on parameters such as total brain weight, total DNA or RNA content, or total brain protein were measured (2) (3) (4) . The current state of knowledge suggests that an enriched environment in which animals encounter stimuli, such as visual, tactile, motor, olfactory and social, triggers neurite branching (5) and synapse formation (6) in the cortex and hippocampus (7) , as well as neurogenesis in the hippocampus of adult animals (8) . Additionally, enrichment can facilitate recovery from brain lesion, again accompanied by structural changes, such as increased dendritic branches and spine density (9) . Different members of growth factors and neurotransmitter receptors have been highlighted as crucial molecules underlying these plasticity processes (10) . Rampon et al analyzed the effects of environmental enrichment on the whole cerebral cortex of the noninjured mouse brain by utilizing high throughput microarray technology (11) . They have shown that a variety of genes, precisely tuned by temporal variations, are necessary for such plastic changes. Analogous studies on other brain regions, namely the hippocampus, or on injured brain have not been done. Here, we studied the effects of environmental enrichment on different regions of the intact and injured brain, and how the expression patterns of different brain regions (i.e. hippocampus and sensorimotor cortex) differ in response to enrichment.
MATERIALS AND METHODS

Animal Experiments
A total of 32 adult (3-month-old) male Wistar rats (290-310 g) were used. Two different experimental approaches were applied. In the first paradigm, noninjured rats were examined: 8 rats were kept either in standard cages measuring 50 ϫ 40 ϫ 20 cm 3 (control group: 2 ϫ 4 rats per cage), or placed in enriched environments (experimental group: 2 ϫ 4 rats per terrarium). Enriched environments consisted of a spacious glass terraria (100 ϫ 50 ϫ 50 cm 3 ) with 2 levels, equipped with stimulating items such as nesting material, plastic stairs, hemp ropes, pipes, a box filled with soil, various wooden blocks and other objects of different sizes, shapes, and colors. Changes such as moving, adding, or removing items were made twice a week. The design of the enriched terraria was based on our own (12) and other's experiences (9) . The second paradigm involved injured rats: ischemic cortical lesions (mean Ϯ SD: 3.5 Ϯ 0.5 mm in diameter) affecting the forelimb area of the sensorimotor cortex were induced photochemically in 16 animals (13) . Briefly, using enflurane anesthesia (2% in N 2 O/O 2 ), the skull was exposed and a fiber optic bundle (aperture, 3.0 mm) was positioned 1 mm anterior to bregma and 3 mm lateral to the midsagittal suture. Illumination through the skull (20 
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J Neuropathol Exp Neurol, Vol 63, June, 2004 min) was initiated simultaneously with the application of rose Bengal dye through a femoral vein catheter. Rectal temperature was kept at 37Њ Ϯ 0.5ЊC (mean Ϯ SD) throughout the operation. Lesions in this location, as shown previously, produce a significant reduction in use of contralateral forelimb (14) . Following surgery, 8 rats were randomly housed either in standard cages (control group: 2 ϫ 4 rats per cage) or in enriched environments (experimental group: 2 ϫ 4 rats per terrarium).
Tissue and RNA Preparation
The animals were decapitated under deep anesthesia 2 weeks after lesion induction and/or enriched housing. This time point was chosen based on previous data in which lesion-induced structural plasticity changes first became detectable around 14 days postinjury (15) . All experimental procedures were in accordance with the guidelines of local animal care commission.
From the intact brains, a 3.5-mm-diameter round area of the sensorimotor cortex and both hippocampi were extracted. From the injured brains, tissues were sampled by dissecting out a 3.5-mm-diameter round area of the cortex, ipsilesionally on the postero-lateral side of the lesion as well as contralesionally (i.e. the homotopic sensorimotor cortex, analogous to the extracted sensorimotor cortex of the intact brains). For dissecting the ipsilesional area we always kept a distance of 1.0 to 1.5 mm from the lesion (which was completely necrotic and clearly demarcated at this time point) to avoid contamination with the necrotic tissue. The tissues were flash-frozen in liquid nitrogen and stored at Ϫ80ЊC until use. RNA was isolated (TRIzol Reagent, Invitrogen, Karlsruhe, Germany), DNAse treated (RNase-free DNase Set, Qiagen, Hilden, Germany), and cleaned (RNeasy Mini Kit, Qiagen). RNA quality was assessed by gel electrophoresis, as well as by OD260/280 nm ratios. Equal amounts of RNAs isolated from identical brain regions of animals in the same experimental group (n ϭ 8) were pooled.
Microarray Analysis
Fifteen g of pooled RNA samples were converted to double-stranded cDNA (SuperScript Choice System, Invitrogen) and then via in vitro transcription to biotinylated cRNA, typically yielding 50 to 70 g cRNA using Enzo BioArray High Efficiency RNA Transcript Labeling Kit (Affymetrix, Santa Clara, CA). Following fragmentation and quality confirmation with Affymetrix Test3 arrays, 2 ϫ 15-g labeled cRNA were hybridized to 2 different Affymetrix Rat Genome U34A arrays (approximately 7,000 full-length sequences and 1,000 EST clusters). Raw expression data were collected by Affymetrix Microarray Suite MAS 5.0 software. CEL files were then imported to the software package CoBi 3.1/Expressionist (GeneData, Basel, Switzerland, www.genedata.com/products/ expressionist/). All arrays passed the software quality check of the hybridization results. Only values with a ''present call'' were included in further analyses. This call indicates that a transcript is reliably detected based on detection algorithm of Affymetrix software MAS 5.0. The defining parameters were constant across all arrays. Prior to comparison analysis, normalization was performed to the logarithmic mean of the signal values of arrays to make experiments more comparable with each other. The mean of expression level values derived from replicates in experimental versus control groups were used to perform pair-wise comparisons and calculate ''fold changes.'' A gene was regarded as upregulated if the expression value of this transcript on the ''enriched'' chips was Ն2 times higher than that of the corresponding transcript on the ''standard'' chip. A gene was regarded as downregulated if the expression value of this transcript on the ''enriched'' chips was Յ0.5 times smaller than that of the corresponding transcript on the ''standard'' chip. Only differences with a p value Յ0.05 (t-test) were regarded as significant. Comparisons were performed between homologous brain areas of the experimental groups: a) intact/ standard versus intact/enriched and b) injured/standard versus injured/enriched.
Quantitative Real-Time RT-PCR
TaqMan assay (ABI PRISM 5700 Sequence Detection System, Applied Biosystems, Foster City, CA) was conducted to verify the expression levels of 4 randomly chosen genes in different brain regions/paradigms detected by microarrays (i.e. a total of 16 gene regulations). The total RNA samples isolated from identical brain regions and from each experimental condition (n ϭ 8) were divided into 2 pools (n ϭ 4). This partitioning enabled us to carry out all subsequent steps using 2 independent animal groups. One g of DNAse-treated RNA of these pools was used as template for cDNA synthesis (SuperScript TM II RT, Invitrogen). The PCR primers and TaqMan probes (Table 1) were designed using Primer Express software version 2.0 (Applied Biosystems). The specificity of the amplicons was checked by a BLAST search. The constituents of each PCR (50 l) were 1 l cDNA (or HPLC-H2O), 2 ϫ (forward and reverse) 1.5 l primer (300 nM each), 2.5 l TaqMan probe (250 nM), 18.5 l HPLC-H2O, and 25 l TaqMan Universal PCR Mastermix (Applied Biosystems). To exclude variability of RNA concentration beta-actin was used as an internal control. For relative quantification of the amount of specific mRNA, a standard curve was generated for each run using a 2-fold-dilution series. The standard curve of all genes showed a linear relationship between the log of the initial template amount and the threshold cycle (data not shown). mRNA levels in each sample were determined by the cycle threshold values (PCR cycle number at which the reporter dye fluorescence is detectable above an arbitrary threshold) of the TaqMan PCR according to its standard curve. All assays were run in triplicate (i.e. 3 PCRs were run for 2 partitioned samples from each experimental group, for a total of 6 runs for each group). A fold change Ն1.8ϫ or Յ0.6ϫ was accepted as corroboration of the microarray data. Mann-Whitney U-test (2-way) was used to compare the ''enriched'' group with the corresponding ''standard'' group (p Ͻ 0.001). Relatively few changes were observed in the sensorimotor cortex of the intact brain when enriched housing was compared to standard housing (13 upregulations and 4 downregulations). Increased were genes assigned to transcription factors (4 genes), synapse-related molecules (2 genes), kinase/phosphatase network (2 genes), receptors (2 genes), ion channels (1 gene), protein processing (1 gene), and growth factors (1 gene). Decreased were genes categorized as ion channels/transporters (2 genes), metabolic enzymes (1 gene), and protein processing (1 gene) ( Table 2) .
Compared to sensorimotor cortex, a higher responsiveness was revealed in the hippocampus of the intact brain following enrichment, with 43 and 15 genes being increased and decreased, respectively. The distribution was as follows: synapse-related molecules (6 upregulations), kinase/phosphatase network (8 upregulations, 2 downregulations), ion channels/transporters (4 upregulations, 1 downregulation), receptors (5 upregulations, 3 downregulations), transcription factors (4 upregulations, 1 downregulation), metabolic enzymes (7 upregulations, 5 downregulations), growth factors (1 upregulation), cell structure (2 upregulations, 1 downregulation), apoptosis (2 downregulations), immune system (5 upregulations), and protein processing (1 upregulation) ( Table 2 ).
In the injury paradigm, the ipsilateral perilesional cortex showed 42 genes with an expression alteration of more than 2-fold when standard and enriched conditions were compared. Among 28 genes that were downregulated, 12 could be identified as encoding metabolic enzymes, 4 as kinase/phosphatase network members, 3 as ion channels/transporters, 3 as cell structure proteins, 2 as transcription factors, and 1 each as protein processing and synapse related molecules as well as receptors and growth factors. On the other hand, 3 of the 14 genes whose expression was increased could be categorized as growth factors, 3 as synapse proteins, 3 as neurotransmitter receptors, and 1 each as immune system and cell structure molecules as well as metabolic enzyme, transcription factor, and kinase member ( Table 2) .
The contralesional cortex showed more inductions (46 genes) than suppressions (13 genes), including transcripts classified as synapse-related molecules (4 upregulations, 1 downregulation), kinase/phosphatase network members (3 upregulations, 3 downregulations), ion channels/transporters (3 upregulations, 2 downregulation), receptors (5 upregulations), transcription/translation factors/immediate early genes (IEGs) (6 upregulations, 1 downregulation), metabolic enzymes (6 upregulations, 1 downregulations), growth factors/receptors (5 upregulations), cell structure (5 upregulations), apoptosis/cell cycle (3 upregulations, 2 downregulations), immune system (3 upregulations, 1 downregulations), as well as protein processing molecules (3 upregulations, 2 downregulations) ( Table 2) .
There were only a few molecules that were regulated in parallel in more than 1 brain region and/or paradigm. Most parallel regulations (at the individual gene level) were observed in the sensorimotor cortex and the hippocampus of the intact brain, and fewest in the contralateral cortex of the injured brain and the sensorimotor cortex of the intact brain (Fig. 2) .
Real-Time RT-PCR
To confirm the validity of the array data we selected 16 gene regulations and quantitatively examined their differential expression by using real-time PCR. Aside from analysis and the TaqMan assay (Table 3 ). In case of synaptogyrin, the lack of the hippocampal regulation in the chip data (fold change 1.4) turned out to be false negative, since a consistent upregulation of this gene could be detected by the more sensitive TaqMan assay (1.94-fold change).
DISCUSSION
We used cDNA microarrays to investigate gene expression changes occurring in the sensorimotor cortex and hippocampus during an enrichment period of adult rats. The selection of these 2 areas was based on previous studies showing distinct structural changes in these 2 regions due to environmental enrichment (5) (6) (7) (8) . Furthermore, the effect of such housing was studied in the contralesional homotopic as well as ipsilesional cortex of injured brains (with circumscribed ischemic lesions affecting the forelimb area of the sensorimotor cortex). We focused on perilesional and homotopic contralesional cortices because of close spatial relationship and transcallosal connections, respectively.
A total of 145 annotated genes were differentially regulated by a factor of 2 or higher following 2 weeks of environmental enrichment in different regions of the intact and injured brain ( Table 2 ). Forty percent of these were in the hippocampus and 12% in the sensorimotor cortex of the intact brain, as well as 29% in the ipsilateral and 41% in the contralateral sensorimotor cortex of the injured brain. This is approximately 0.3% to 0.9% of the full-length sequences represented on the microarray. These numbers are presumably a conservative estimate of the transcriptional response and underestimate the real ↑ ϭ upregulation, ↓ ϭ downregulation. NC ϭ no changes.
amount of alterations since in our efforts to reduce the occurrence of false positives many genes with small changes or low expression levels may have been missed. Nonetheless, these results show that environmental enrichment has profound and distinct effects on gene expression in both intact and injured brain. Furthermore, they indicate that a complex and coordinated network of regulations involving many areas of cellular and intercellular physiology is needed to respond to environmental changes.
Functional Groups of Genes
Previous works have elaborated the effect of environmental enrichment on expression levels of neurotrophins and neurotransmitter receptors in the intact brain (10), as well as on neurotrophins (16, 17) , transcription factors NGFI-A/B (18, 19) , serotonin (18) , and glucocorticoid receptors (19) in the injured brain. Data obtained by high throughput microarray technology on differential gene expression in the brain as a consequence of environmental enrichment is limited. While effects on the injured brain have not been examined, there are 2 reports analyzing the effects of enrichment on the intact mouse cortex (11) and exercise (by running wheel) on intact rat hippocampus (20) , respectively. A comparison of these reports and our results is hampered because of differences in species (mouse vs rat) and paradigms (enrichment vs running) used in these studies. Furthermore, such studies produce only ''snapshots'' of a highly dynamic process. Nonetheless, comparisons are instructive and reinforce the need for further work. Based on our study and the 2 previous studies (11, 20) , distinct groups of genes play major roles in brain plasticity processes following enrichment as follows: i) Transcription factors/IEGs, such as different zinc finger transcription factors (in all 3 studies), stand at the beginning of a cascade of molecular changes with variable target pathways and are essential for various structural and functional endpoint changes in the nervous system (21) . ii) Kinase/phosphatase network molecules (e.g. CaM kinase in all 3 studies or calcineurin and protein phosphatase 1 M in our study) presumably play a pivotal role in remodeling of neuronal circuits. A role for CaM kinase and calcineurin has been described for memory storage through a signaling pathway in which other molecules (e.g. CREB, neurotrophins, and neurotransmitter receptors) are involved (22) . Protein phosphate 1 is also known as a key molecule in structural plasticity (23) . iii) Synapse-related molecules (e.g. GS32, synapsin 2A, and synaptogyrin in our study, clathrin in all 3 studies, or RhoA in our study and [11] ), mediate functional adaption of neurons through modulating the efficiency of neurotransmitter release from pre-existing presynapse nerve terminals or a structural remodeling in terms of increased numbers of nerve terminals. iv) Other structural genes (e.g. dynamin-like protein 1/ DLP1 in the present study, myosin heavy chain in our study and [20] ) are likely to be part of the molecular cascades that underlie sprouting, synaptogenesis, or vesicle trafficking (24, 25) . v) Ion channels/transporters (e.g. Na,K-ATPase and Na-, K-channels in the present work and [20] ), as well as vi) neurotransmitter receptors (e.g. different members of glutamate, GABA, or dopamine receptors in our study) are fundamental to electrical signal transduction in the nervous system. vii) Growth factors/receptors (e.g. FGF-, IGF-receptors, cardiotrophin-1 in our study and BDNF and VEGF in [20] ), mediate beyond their antiapoptotic/antioxidant neuroprotective role important forms of functional and structural plasticity by modulating synaptic transmission, neuronal excitability, and structural changes such as axonal branching or dendritic arborization (26, 27) .
Beside the above functional classes with evident role in brain plasticity there are also other molecules that might play an indirect role in this context. viii) Metabolic enzymes: regulation of molecules involved in various metabolic pathways (e.g. energy metabolism, oxidative stress, mitochondrial activity as reported in all 3 studies) may reflect the activity level of the ongoing subcellular processes. ix) Proteolytic molecules: different members of proteases and chaperones were regulated in all 3 studies. These molecules are probably involved in protein processing and signal transduction, ultimately resulting in tissue remodeling (28) . x) Apoptosis/cell cycle: downregulation of molecules mediating apoptosis (e.g. bcl-x [29] in the present work and in [20] , Mud-4 [30] in the present work, and Bax in [11] ), suggests an antiapoptotic effect of enriched surroundings and additionally, via caspase and calpain activity, a possible role in synaptic plasticity (31) . xi) Immune system: different members of molecules involved in immune response, such as complement protein C1q, MHC class, and T-receptor molecules in the present work and (20) , as well as prostaglandin D in our study and (11), were upregulated. The role of this inflammatory response remains unclear, but it might promote tissue health through rapid cleaning of cellular debris as Tong et al argue (20) . 
Differential Expression Patterns in Distinct Brain Regions
Noticeably similar functional groups of genes were regulated in different brain areas, particularly in the contralateral sensorimotor cortex of the injured and the hippocampus of the intact brain (Fig. 1) . Although, different expression patterns were found in distinct brain areas at the individual gene level. There were only a few genes that were regulated in parallel in different brain regions and/or different experimental paradigms (Fig. 2) . The reason for this diversity of genetic response at the level of individual genes could be a region specificity or a shift in the time course of the ongoing molecular rearrangements, or both.
In contrast to the sensorimotor cortex with relatively few changes (13 upregulations and 4 downregulations), there was a high responsiveness to enriched housing in the hippocampus of the intact brain showing 43 upregulations and 15 downregulations. This is 3.4-fold more genes being regulated in the hippocampus than in the cortex, indicating a more pronounced susceptibility of this structure for plasticity changes. This finding might be related to the important role of the hippocampus in memory and spatial learning and could reflect an enhanced neurogenesis occurring in this structure due to enrichment (32) .
A conspicuous feature in the ipsilesional cortex was the preponderance of gene suppressions (28 downregulations among 42 regulated genes); particularly those being classified as metabolic enzymes. Previous works have shown a similar pattern of changes in an analogous area after an identical lesion but without any behavioral manipulations (33) . However, enrichment seems to reinforce these effects. The reason for this reinforcement remains speculative. Given the fact that lesions in the forelimb area of the sensorimotor cortex (as in this report) produce significant disuse of the corresponding extremity (and a hyper-reliance on the nonimpaired limb), the downregulation of genes may, in part, reflect the motor inactivity and the reduced sensory input as a result of forelimb impairment. Considering the effect of enrichment on acquisition and performance of more complex motor tasks, rats under enriched condition are now increasingly challenged to overuse the healthy forelimb, presumably with the price of neglecting the sick one-in fact, a wellknown phenomenon termed as ''learned nonuse of the impaired limb'' (34) . Accordingly, in the homotopic contralesional cortex induction of genes prevailed (46 upregulations among 59 regulated genes) when enriched and standard housing were compared. These rearrangements could be, to some extent, the molecular substrate for the behavioral compensation discussed above. One of the remarkable findings of this study was the disparate transcriptional response in the sensorimotor cortex of the noninjured brain and the identical area (i.e. the homotopic contralesional cortex) of the injured brain. The number of gene regulations in the cortex of the intact brain of rats housed enriched versus standard was less than 29% of changes due to enrichment detected in the sensorimotor cortex of a brain carrying a circumscribed ischemic lesion on the opposite side. Yet, besides the usedependency, the lesion per se should be also taken into account as an eliciting factor for the molecular rearrangements. Obviously, even a small injury creates a fertile ground for plasticity changes in distant brain areas. This has been proven repeatedly in different studies by showing structural changes being boosted after a lesion in the homotopic cortex (35, 36) . This work, for the first time, depicts an analogous picture of this phenomenon at a broad molecular level. A possible and widely accepted explanation for this is that specific features of brain function occurring postlesionally revert to those seen during ontogeny (37) , thereby enhancing the ability of the brain for reorganization processes. Accordingly, many of the gene regulations occurring in the injured brain, such as Chapsyn-110 (38), Rho (39), Rab3 (40) , annexin V (41), tau protein kinase (42) CaM-kinase or calcineurin (43) , have been recognized as developmental molecules because of their increased and site-specific expression in the developing brain.
Taken together, our data provide new information on the breadth of gene expression changes that occur following environmental enrichment in the sensorimotor cortex and the hippocampus of the intact brain, as well as in cortical areas close and remote to an injury. The dissociation of molecular events reflecting nonspecific degenerating from constructive compensatory processes in the perilesional cortex is difficult because of the closeness of this area to the injury. On the one hand, in the case of upregulation of growth factors or synapse-related molecules, the differential regulations may reflect adaptive processes counteracting the deleterious effects of ischemia. On the other hand, in the case of downregulation of genes coding for metabolic enzymes, kinase network, or cell structure proteins, they could result in impaired cellular function due to insufficient availability of their protein products. In contrast to this area, most of the expressional changes in the intact brain and in the contralesional cortex are, according to the biological function of the corresponding genes, very likely to be the molecular substrate of plasticity processes leading to functional improvements. In spite of the diversity of expression patterns at the level of individual genes, there were remarkable similarities in the functional groups of genes being differentially regulated in the intact brain and in the contralesional cortex. This supports the hypothesis that there are common molecular mechanisms regulating plastic changes in the brain under different conditions.
